Abstract. Interdigitated microelectrodes have been used to investigate the passive dielectrophoretic levitation of latex beads as a function of the frequency and voltage of the applied electrical signal, the suspending medium conductivity, bead size and characteristic dimensions of the electrodes. The variations of the electric field strength E and of the factor ∇E 2 as functions of the height above the electrode plane were determined by computer-aided modelling. As predicted from a simple theory based on the balancing of the gravitational settling force with the negative dielectrophoretic force, the height of levitation was found to be independent of the bead size and at 1 MHz, at which the levitation was at its largest, to be only weakly dependent on the conductivity of the suspending medium. The frequency dependence of the levitation height was found to be in close agreement with theory, based on the known dielectric properties of the beads and on previously determined electrode polarization effects. Apart from using this method to investigate the dielectric properties of particles, a particularly important application is envisaged to be that of particle separation, based on differences in dielectric properties, using dielectrophoretic levitation in combination with field-flow fractionation techniques.
Introduction
Dielectrophoresis (DEP) is the induced movement of dielectrically polarized particles in non-uniform electric fields [1] .
The magnitude and direction of the dielectrophoretic force are dependent on the electric field, the size of the particles and the electrical properties of the particles relative to those of the surrounding medium. Both positive DEP (movement towards high-field-strength regions) and negative DEP (movement away from highfield-strength regions) are possible.
Levitation relies on the fact that two opposing forces, one of which is the gravitational force, attain equal and opposite magnitudes and directions and thus exactly balance each other. Whereas passive levitation usually relies on the presence of a non-uniform field force, in which the particle to be separated positions itself where the two opposing forces are equal, active levitation relies on the constant feedback-controlled adjustment of the balancing force. Particle levitation using DEP was first described by Veas and Schaffer [2] and further developments have been achieved using both macro-electrode [3] [4] [5] and micro-electrode [6] devices.
Passive levitation using negative DEP can sometimes, depending on the effective Figure 1 . Dielectrophoretic (DEP) levitation of particles above micro-electrodes whose interdigitated spacing apart is equal to their widths. The particles levitate to a height at which the DEP force F DEP is equal and opposite to the gravitational settling force F g .
polarizability of the particle, be restricted to limited frequency and medium conductivity ranges, whereas the active levitation of particles by feedback-controlled positive and negative DEP can occur over large frequency and conductivity ranges [3, 4] .
We describe here the use of interdigitated microelectrodes to achieve the passive dielectrophoretic levitation of particles (figure 1). The procedure is simple, requires unsophisticated equipment and can be applied to a number of particles simultaneously. Although the technique can be used to measure the dielectric properties of particles, our main objective in this work is to evaluate further how levitation by dielectrophoresis can facilitate particle separation when combined with field-flow fractionation (FFF) technologies (figure 2). In FFF a force is applied perpendicular to a laminar fluid stream carrying particles through a narrow chamber. Because of the parabolic flow profile in such a system, particles that are close to the chamber wall travel at lower speeds than do those located deeper into the fluid stream [7] . Under the influence of the external orthogonal force, particles are re-distributed in the parabolic velocity profile and are eluted from the chamber at different time intervals. By using dielectrophoresis as the external force to levitate particles to different heights in a chamber and flowing liquid over the electrodes as in the FFF technique, one is able [8] to separate particles according to their dielectric properties and density. In our levitation experiments we have used latex beads of various sizes as model particles and, to understand the levitation effects observed and the behaviour of particles in FFF separation chambers better, the electric field generated above the interdigitated microelectrodes was determined by computer-aided modelling. Also, by using stationary fluids above the electrodes we have eliminated the complicating effect of hydrodynamic lifting forces that occur in FFF [9] , although electrokinetic lifting forces may still be present [10] . Here we describe the DEP levitation behaviour of latex particles above interdigitated micro-electrodes; the actual separation of particles using DEP levitation in combination with the FFF techniques has been described elsewhere [8] .
The theory
The passive levitation, by negative dielectrophoresis, of latex beads was achieved using interdigitated microelectrodes of the form shown in figure 3 . When a voltage is applied to such electrodes, the particles experience two dominant forces: a gravitational force F g and a Figure 3 . A schematic outline of the chamber used for DEP levitation measurements. The levitated particles were observed using a microscope and their levitations were determined by consecutively focusing on the electrodes and on the particles. The micro-electrodes extended over an area 1.0 cm × 1.5 cm, so the number of electrode elements greatly exceeded that depicted in this figure. dielectrophoretic force F dep . For a spherical particle of radius r of mass density γ 1 , suspended in a fluid of mass density γ 2 , the gravitational force is given by
where g is the gravitational acceleration vector. The dielectrophoretic force acting on a spherical particle of radius r, of complex permittivity ε * p suspended in a medium of permittivity ε 0 ε m is given [1, 3] by
where E is the magnitude (RMS) of the applied field, ε 0 is the permittivity of free space (8.854 × 10 −12 F m −1 ) and Re[K(ω)] is the real component of the frequency-dependent Clausius-Mossotti factor:
with ε * = ε−jσ/ω, in which j = √ −1, ε is the permittivity and σ the conductivity (subscripts p and m denote the particle and the suspending medium, respectively) and ω is the angular frequency of the applied field (ω = 2πf ). K(ω) can theoretically have a value that ranges between +1.0 and −0.5. At low frequencies K(ω) has the limiting value given by [11] 
and the corresponding limiting value at high frequencies is given by
From electrorotation and impedance studies latex beads are known to have a high surface conductance K s [12, 13] . Disregarding anomalous low-frequency effects, the effective particle conductivity σ p of the beads can be described by [12, 13] :
in which σ b is the bulk conductivity and r is the particle's radius. The factor ∇E 2 in equation (2), in which ∇ is the del vector operator, defines the non-uniformity of the field E and decreases in magnitude with increasing height above the electrode plane. When a particle experiences a negative DEP force (for |ε * p | < |ε * m |) it is therefore levitated above the electrodes to a stable position where the opposing gravitational and dielectrophoretic forces balance (figure 1) to give
From equations (1) and (2) the gravitational settling force acting on a latex bead, of radius 3 µm and suspended in water, is about 5.5 × 10 −14 N, and a value for ∇E 2 of around 1 × 10 12 V 2 m −3 is required to counterbalance this dielectrophoretically.
Since both the DEP force and the gravitational force are dependent on r 3 (equations (1) and (2)), particles with the same dielectric properties and density but different sizes can be expected to levitate to the same height. On the other hand, particles with differing dielectric properties will levitate to different heights in the chamber, irrespective of their size. This phenomenon can be exploited by combining dielectrophoretic levitation with the FFF technique (figure 2).
Experimental details

Materials
Latex particles
The latex particles used were polystyrene monodisperse microspheres (Polysciences, Warrington, PA, USA) with diameters in the range 0.5-6 µm. Before use the beads were re-suspended at low concentration in de-ionized water or in dilute NaCl solutions. The conductivities of all solutions were measured (to within an accuracy of 1%) at 100 kHz using platinum black electrodes (of cell constant 1.573 cm −1 ) and a Hewlett Packard 4192A impedance analyser.
The levitation device
To obtain a non-uniform electric field in which particles could be levitated, AC voltages were applied between interdigitated electrodes as outlined in figures 1 and 3. Gold electrodes of various widths (5-240 µm) were deposited onto a microscope slide by photolithography [11] , with the distance between adjacent electrodes being the same as the width of an electrode.
The levitation chambers (figure 3) were constructed by placing an insulating spacer and a microscope slide on top of the electrode assembly. After injection of the sample of suspended particles between the two slides, the system was sealed with nail varnish. The average internal height of the various chambers was around 120 µm.
Sinusoidal voltages of amplitude and frequency in the ranges 0.5-10 V peak-peak and 1 kHz to 10 MHz, respectively, were applied to one of the arrays comprising the interdigitated electrode system. The other half of the electrode system was maintained at earth potential. The behaviour of the particles in the chamber was monitored and recorded using an Olympus CH microscope and a Hitachi video camera attachment. The levitation height of the particles was measured by consecutively focusing onto the electrode plane and the levitation plane, determining the difference of these heights with the fine focusing control (precision ∼ = 2 µm). To avoid errors associated with changes in field geometry at the boundaries between electrode elements of different dimensions, particles located within ten times the element width of such boundaries, or from the ends of the electrode arrays, were not included in the measurements. To correct for the refractive indices of the glass walls and the aqueous suspending medium, the focusing graticule was calibrated by measuring the distance between the two opposing inner glass surfaces of chambers whose dimensions had previously been determined to within ±2.5 µm using a precision micrometer. Each measurement was repeated ten times. The reproducibility of the results was checked by performing several experiments under the same conditions but in different chambers.
The electric field simulation
The electric fields generated by the electrode systems were modelled using the Ansoft Maxwell 2D field simulator. This software is based on a finite-element method, automatically creates the required finite-element mesh and allows the subsequent analysis, manipulation and display of the field solutions. For the frequency range and electrode dimensions of relevance in this work a quasi-static analysis was appropriate, so that, for example, to simulate application of a 10 V peak-peak voltage to an electrode a DC voltage of +5/ √ 2 V was assigned. Since the electrodes consisted of essentially parallel bars and the electric field does not vary along the electrodes, the problem of field calculation was reduced to a twodimensional case. The electrodes were modelled as having a varying width (5, 10, 20, 40 µm or larger) and a thickness of 0.2 µm. The distance between the electrodes was the same as the electrode width. The background medium was water and the electrodes were placed on a glass base of thickness of 20 µm.
Results and discussion
Levitation experiments
The levitation behaviour of polystyrene latex beads was studied for various applied voltages and frequencies, suspending medium conductivities, particle diameters and electrode dimensions.
4.1.1. The effects of the frequency, medium conductivity and particle size. A typical dependence of the height of levitation on the frequency of the applied electric field is shown in figure 4 , for a 6 µm particle in a suspending medium of conductivity 1.1 mS m −1 , characteristic electrode dimensions of 40 µm and an applied voltage of 2 V peak-peak. Below a frequency of 1 kHz the particles were attracted to the electrodes, whereas in the range 1-10 kHz they exhibited unstable behaviour by oscillating in height above the electrodes. At present we do not understand the cause of this effect, but possible contributing factors include electrophoretic, electro-osmotic and thermal convection effects. Above 10 kHz stable levitation was observed and the levitation height increased steadily with increasing frequency, attaining a maximum for frequencies around 1 MHz. All further experiments described here were performed at 1 MHz, at which frequency the particles exhibited significant and stable levitation and electrode polarization effects were insignificant.
The effect of the medium's conductivity on the levitation height is shown in figure 5 . At the relatively high frequency of 1 MHz the levitation height exhibited very little dependence on the medium's conductivity, in accordance with the behaviour predicted by equation (5) . Likewise, from equations (1), (2) and (6) it can be deduced that the elevation height should be independent of the particle size, which was also verified by the results shown in figure 6 over a range of applied voltages using electrodes of the same size (40 µm). Levitation was never observed for particles of 1 µm diameter and smaller over the whole frequency range. At low frequencies these particles were attracted towards the electrodes, whereas at higher frequencies they remained dispersed in the aqueous medium throughout the whole chamber. This effect is probably related to the fact, that as the particle size decreases, the forces associated with Brownian motion (proportional to 
1/r) increase whereas the DEP force (proportional to r
3 ) for a defined applied voltage rapidly diminishes.
The influence of the electrode dimension.
As shown in figure 7 the levitation height, for different applied voltages, increased steadily as the characteristic electrode width and spacing was increased from 5 to 40 µm. However, as shown in figure 8 using an applied voltage of 8 V peak-peak, a maximum in the levitation height was observed for an electrode width of around 100 µm. When using the larger electrodes (>80 µm), it was observed that if the electric field was applied after the particles had settled in the plane of the electrodes, many of them did not levitate and instead remained in a stable position between the electrodes. If, however, the particles were brought into the chamber after the electrodes had been energized, most of the particles were found to exhibit stable levitation. These results indicated that, for electrodes of large width and interspacing, the vertical component of the DEP levitation force between the electrodes was not strong enough to overcome attractive forces between the glass and the particles. To 
Field effects
Typical results obtained using the Ansoft Maxwell 2D field simulator are shown in figures 9(a) and (b) for electrodes of characteristic dimensions in the range from 10-40 µm, to indicate how the vertical components of the electric field parameters E and ∇E 2 varied as functions of height above the electrode plane. The two field parameters can be seen to vary approximately exponentially with two different attenuation constants. For heights up to 50 µm the field is strongly influenced by the interdigitated geometry of the electrodes, but above this height the field 'signatures' of individual electrode elements merge and approximate to the effect of a continuous metallic plane. Field calculations were performed at three different locations on the electrode surface (A, B and C, as shown in figure 9 ) and only small differences in the field versus height characteristics were obtained for levitation heights above around 5-10 µm. For lower levitations than this, the values of the electric field strengths and gradients varied significantly depending on the location above the electrode plane. This is also consistent with the finding that only close to electrodes of the so-called 'Christmas-tree' design is there net directional movement of Brownian particles in periodic asymmetrical potentials [14, 15] . This was confirmed in the experiments, which showed that, when the particles were levitated close to the electrode plane, the particles accumulated between the electrodes, whereas there was no preferential accumulation of particles when they were levitated to higher levels. All further field calculations employed in our description here were performed with respect to the edge of the electrodes (position A).
Results of the form of figures 9(a) and (b) were obtained for simulated applied voltages in the range 0.2-10 V peak-peak. For all cases, to a good approximation at the smaller levitation heights (5-40 µm for 5 µm electrodes, 10-80 µm for 40 µm electrodes), the factor ∇E 2 varied in the vertical (z axis) direction as
where ∇E 2 0 is the value at height h = 0 and k 1 is a constant for a particular electrode geometry. Equation (8) can be written in terms of the applied (RMS) voltage V as
where A is a constant and P (ω) is a frequency-dependent factor to take into account the well-known effect of electrode polarization. For DC and low-frequency applied voltages, most of the voltage drop appears across the electrical double layer that builds up at the surfaces of the electrodes. In related studies of electrorotation [13] and for low-conductivity aqueous solutions, it has been shown for micro-electrode structures of the form used in these studies that, at 100 Hz, only around 43% of the applied voltage appears across the bulk solution between the electrodes. At frequencies of 1 and 100 kHz this increases to 73 and 97%, respectively. The factor P (ω) in equation (9) quantifies this frequency variation of the effective applied field for constant applied voltage. By combining equations (1), (2) and (7) we have for stable levitation
and, on substituting for ∇E 2 z using equation (8) , the following expression for the stable levitation height h is obtained:
For a fixed frequency ω the levitation height should thus vary as h = k 2 log 10 V + k 3 (12) where k 2 (=4.605/k 1 ) and k 3 are constants for a particular electrode geometry. The logarithmic dependence of the (12). The slope of the line through the data is 1.35 (R = 0.99), which is close to the value (1.47) expected from approximate theories applied to periodic electrode structures [16, 17] .
levitation height on the applied voltage is shown in figure 10 for various characteristic electrode dimensions. The linear variation of the constant k 2 in equation (12), shown in figure  11 , implies that the constant k 1 in equation (8) is inversely proportional to the width and spacing of the electrodes. In fact, this is consistent with the characteristics expected of a periodic electrode structure [16, 17] . For electrodes of width w and inter-electrode spacing d, then, ignoring the second and higher harmonics of the generated electrostatic potential [16] , the decay constant of equations (8) and (9) should approximately be given by k 1 = (2π/λ), where, in our case, λ = (w + d). The constant k 2 in equation (12) should thus have a value given by k 2 = 1.47 times the electrode width, which is in close agreement with the result shown in figure 11 . The data in figure 4 , for a frequency of 1 MHz with P (ω) ∼ = 1.0, show that 6 µm diameter latex beads were levitated to an average height of 46 µm. From the field calculations, the value of ∇E 2 for such an elevation (for 40 µm electrodes with an applied voltage of 2 V peak-peak) was calculated to be 9.9 ± 0.1 × 10 11 V 2 m −3 . Using a value for ε m of 79 and 1.05 × 10 3 kg m −3 for the density γ 2 of a latex bead, then from equation (9) the value for Re[K(ω)] for such stable levitation is −0.472 ± 0.005. Assigning to ε p the literature value of 2.55 for polystyrene [18] , then from equations (3) and (6) a value 0.65±0.05 nS is derived for the surface conductance K s , which is within the range 0.2-2.1 nS reported by Arnold et al [12] for latex beads. Furthermore, taking into account the electrode polarization factor P (ω) and using values of 0.65 nS and 2.55 for K s and ε p , respectively, leads equation (11) to provide a good description of the frequency dependence of the levitation height data shown in figure 4.
Concluding remarks
The use of dielectrophoresis for the selective separation of bioparticles has been demonstrated in several laboratories ( [19] provides a recent review). In these studies the suspending fluids employed have usually been of relatively low conductivity (typically <5 mS m −1 ) so that trapping and selective release of particle sub-populations at the electrodes can be achieved using positive DEP forces in combination with fluid-flow techniques. However, for many perceived applications the use of liquids with a high rather than a low conductivity is desirable, in which situation most bioparticles will exhibit negative rather than positive DEP forces and be repelled from the electrodes into the bulk suspending fluid. This has the added advantage of reducing problems associated with particles adhering to the electrodes and with steric hindrance and inter-particle interactions that occur when the particles are essentially confined to a two-dimensional plane. Davis and Giddings [20] described theoretically (but did not demonstrate experimentally) how either positive or negative DEP forces could possibly be used in conjunction with FFF and Washizu et al [21] were the first to show the application of positive DEP in this respect for protein and DNA particles. Here and elsewhere [8, 17] we have confirmed that negative DEP can be used in hyperlayer-DEP-FFF devices.
Using latex beads as model particles, we have verified the prediction (equation (11) ) that the dielectrophoretic levitation of particles in stationary fluids is independent of the particle size. Under field-flow conditions this result will be modified by hydrodynamic lifting forces that are proportional to the particle volume and flow rate [9] , but, it is to be hoped, in a controlled or verifiable manner. Whereas electrode-polarization effects seriously limit the use of electrical FFF [22] , in which DC electric fields are used, with the combined DEP-FFF technique electrode polarization will only need to be taken into account at low frequencies. For particles like latex beads maximum levitations into a laminar flow profile will occur at frequencies around 1 MHz at which, as shown here, the conductivity of the suspending fluid medium has little influence on the DEP behaviour. This will be of practical convenience in many perceived applications, including the separation of beads to which biological or other particles have been attached [13, 23] . Also, at such a relatively high frequency the DEP levitation will be sensitive to the effective permittivity of the particle (equations (5) and (11)), which for cells will be related mainly to the effective capacitance of their membranes and is a parameter capable of being utilized in DEP selective separations [24] .
We have also demonstrated that there is good agreement between experiment and theory regarding the frequency dependence of the DEP levitation of latex beads, in terms both of the dielectric properties of such beads and of the electric field profiles generated by the micro-electrodes. For mixtures of particles having similar specific densities, the frequency dependence of the factor Re[K(ω)] in equation (11) will determine the extent to which different particle types will be levitated into a fluid-flow profile, as has been demonstrated already for mixtures of latex beads and erythrocytes [17] . For latex beads, for example, the data in figure 4 indicate that the most sensitive frequency range for such discrimination will be around 100 kHz. The observed dependence (figures 7, 8 and 10) of levitation on the characteristic dimensions of the micro-electrodes will also aid the design and further refinement of such particleseparation devices, in terms for example of optimizing the chamber depth and hence the distribution of heights to which the particles are levitated into the lower half of the parabolic velocity profile shown in figure 2.
